Resistance training is recognised as a good strategy for retarding age-related declines in muscle mass and strength. Recent studies have also highlighted the potential value of protein intakes in excess of present recommendations. The roles that leisure-time physical activity and protein quality play in the preservation of skeletal muscle during ageing, and how such influences interact in free-living people are unclear. We sought to clarify these issues using data collected on 2425 participants aged $50 years in the US National Health and Nutrition Examination Survey (2003)(2004)(2005)(2006). We estimated subjects' usual intakes of total protein and beef from two 24 h diet recalls and computed the appendicular skeletal muscle mass index from anthropometric measures. Participants self-reported their physical activity levels. Analyses accounted for demographic factors and smoking. The association between muscle-strengthening activity and the appendicular skeletal muscle mass index varied with protein intake. Furthermore, among obese subjects with protein intakes ,70 g/d, those who performed such activities had a lower appendicular skeletal muscle mass index than those who were physically inactive. Protein intakes above the present recommendations were associated with benefits to obese subjects only. The appendicular skeletal muscle mass index of non-obese subjects who performed vigorous aerobic activities was consistently high; in obese subjects, it varied with protein intake. High-protein intake was associated with a modest increase in the appendicular skeletal muscle mass index in non-obese, physically inactive subjects. The present findings reinforce the idea that muscle-strengthening exercise preserves muscle when combined with adequate dietary protein. Vigorous aerobic activity may also help.
research into the prevention of this problem began only recently -perhaps because it was thought to be inevitable (2) . In 1989, Rosenberg wrote the following in a plea for studies of the phenomenon, which he termed 'sarcopenia' (from the Greek roots sarx, for flesh, and penia, for loss) (3) : 'No decline with age is more dramatic or potentially more functionally significant than the decline in lean body mass' (4) . Whether the functional significance of sarcopenia extends beyond its association with decreased muscle strength is currently a matter of debate (5) . However, decreasing muscle mass implies a dwindling reservoir of amino acids, which may threaten health by compromising protein synthesis in vital tissues and organs (6) . Muscle mass declines at a rate of 1 -2 % per year from age 50 years onwards (7) , but studies have shown that even very elderly people can build muscle through strength training (8 -13) . The more recent suggestion that high protein intake can enhance the effects of resistance training on muscle hypertrophy and strength (14) is also considered relevant to the problem of sarcopenia (15) . Recent populationbased studies linked higher protein intakes among communitydwelling seniors to less muscle loss over time (16) and a lower risk of frailty (17) . However, earlier investigations had reached the opposite conclusion (18, 19) . Neither the independent effect of high protein intake on retarding muscle loss, nor the possibility of synergy between high protein intake and physical activity has yet been fully explored. Indeed, Koopman & van Loon (13) recently called for more research addressing the latter topic, citing scant evidence for augmentation of the effects of exercise training by dietary co-interventions. A related unanswered question concerns the effect of protein source on lean mass (16, 17) . Houston et al. (16) found significant associations between animal protein intake, but not vegetable protein intake, and longitudinal changes in lean body mass -a difference the authors attributed to the higher biological value of animal v. vegetable protein. This observation has not been confirmed, however, and findings of studies examining possible enhancement of resistive-training effects by meat consumption have been mixed (20, 21) . Glass & Roubenoff (22) encouraged the development of pharmacological treatment for muscle wasting because of the lack of known muscle-sparing strategies other than resistive-exercise training, which cannot be practically applied to large populations. However, little is known about the muscle-sparing potential of the kinds of physical activity routinely performed by the general population of ageing people. The goal of the present investigation was to address some of these unanswered questions by performing cross-sectional analyses using data collected on participants aged $50 years in the National Health and Nutrition Examination Survey (NHANES, 2003 (NHANES, -2006 .
Experimental methods

Study population
The subjects in the present investigation were NHANES 2003-2006 participants aged $ 50 years. The NHANES is a survey research programme conducted by the US National Center for Health Statistics to assess the health and nutritional status of adults and children in the USA, and to track changes over time. Findings from the survey are used to set standards, to develop public health policy, to determine the prevalence of major diseases and risk factors for diseases and to evaluate associations between nutritional status and health promotion and disease prevention.
The NHANES is currently implemented as a continuous annual survey and uses a complex multi-stage probability design to select a representative sample of the non-institutionalised, civilian US population. To increase the precision of estimates derived from the survey, adolescents, the elderly, Mexican Americans and blacks are oversampled. The protocols for conducting the NHANES were approved by the institutional review board of the National Center for Health Statistics, Centers for Disease Control and Prevention, and informed consent was obtained from all participants (23) . Trained interviewers used a computer-assisted personal interview system to query participants at their homes. The participants were also asked to report to a mobile examination center (MEC) after a 6 or 9 h fast to provide further interview data and undergo a physical examination that included phlebotomy.
At the MEC, subjects provided dietary data in a 24 h diet recall. All of those who did so were eligible for a second 24 h diet recall conducted by telephone, 3 -10 d after the MEC examination. During the years 2003 -2006, subjects who completed both 24 h recalls were sent a FFQ to complete and return. The FFQ, which was non-quantitative, was designed to assess usual dietary intake and queried subjects about their frequency of consuming foods and food groups during the previous 12 months.
In 2003-2004, body composition was assessed at the MEC by using dual-energy X-ray absorptiometry (DXA). The DXA scans provided bone and soft tissue measurements for the total body, both arms and legs, the trunk and the head. In all four study years, anthropometric data that could be used to estimate body composition were collected. The relevant measures included triceps and sub-scapular skinfold thicknesses and the circumferences of the upper arm, thigh and calf.
Questionnaires administered at the MEC also collected medical and smoking histories and physical activity data.
In the present study, we performed secondary statistical analyses on data downloaded from the NHANES website (24) . The present project was certified to be exempted from approval by the Tufts University Health Sciences Campus Institutional Review Board (no. 9145). Consistent with NHANES analytic guidelines for obtaining precise estimates (25) , we combined data from two surveys (i.e. 2003-2004 and 2005-2006 ) into a single data set.
The NHANES 2003-2006 participants aged $ 50 years and numbered 4724. However, 10·3 % of these subjects did not participate in the MEC examination. Of the 4236 MEC-examined subjects, dietary, anthropometric and physical activity data needed for analyses were collected for 2425 participants.
Estimation of the appendicular skeletal muscle mass index
There is no generally agreed upon definition of sarcopenia (26, 27) . Furthermore, we would only expect to find sarcopenia among the very old, who were not numerous in the present data set. However, evidence suggests that the tendency towards sarcopenia begins in the age range of the present study subjects (7, 28) . Consequently, our outcome measure in multivariate models was the appendicular skeletal muscle mass index (i.e. estimated appendicular skeletal muscle mass divided by height in m 2 ) (27) as a continuous term. Of the 2425 subjects eligible to test the present hypotheses from the two surveys, 557 men and 625 women had undergone DXA scanning. We combined the DXA results of those subjects with those of an additional 290 men and 167 women for whom dietary, smoking and/or physical activity data were lacking to estimate the appendicular skeletal muscle mass from anthropometric measures. We defined the 'gold-standard' estimate of the appendicular skeletal muscle mass as the sum of the four DXA-derived estimates of lean limb mass excluding the bone mineral content. To derive the equation for each sex, we created a model for the DXA-estimated appendicular skeletal muscle mass with terms for age, height and race-ethnicity (i.e. non-Hispanic white, non-Hispanic black, Mexican American, other Hispanic and other race) forced in. We then added terms for each of the following anthropometric measures one at a time: calf circumference, arm circumference, thigh circumference, triceps skinfold thickness and sub-scapular skinfold thickness. For both sexes, the model with terms for age, height, race-ethnicity and calf circumference explained . 70 % of the variation in the appendicular skeletal mass. For men, adding terms for arm circumference and triceps skinfold thickness resulted in a model that explained 86 % of the variation (see Appendix). The final model that we arrived at for women explained 79 % of the variation and included terms for arm and thigh circumference.
Estimation of usual intake of beef and total protein
Beef. The US Environmental Protection Agency has estimated the day 1 and day 2 beef intakes of the participants in the NHANES 2003-2006 surveys. This was part of a larger effort to estimate the subjects' intakes of a variety of agricultural commodities (29) . The estimates were derived from the gram amounts of foods consumed and preparation methods specified in the 24 h recall and standard recipes for the approximately 7000 food codes to which all reported foods were assigned. The codes are for single-and mixed-meal foods. The EPA's estimates of meat intakes exclude portions of the food not eaten (e.g. bone and fat, if the subject reported eating only the lean portion).
Beef is an episodically consumed food. That is, few people who consume beef consume it every day. For this reason, even two 24 h recalls may not capture any beef when beef is consumed relatively frequently. As Dwyer put it simply, 'Two 24 h recalls, if not supplemented, overestimate the number of non-consumers' (30) . To minimise this problem, we followed the NHANES recommendation to use macros created by the National Cancer Institute (31) . Estimation of an individual's usual intake of an episodically consumed food by these macros proceeds by several steps accomplished by using multivariate modelling procedures. The general premise for the method is that a person's usual intake of such a food is given by the product of the probability of consuming the food on any given day and the amount consumed on a consumption day. The first step was prediction of each subject's probability of consuming beef. This was accomplished by using a logistic regression procedure. The binary outcome for the model was '1' if some beef was reported on a 24 h recall and '0' if no beef was reported. The second multivariate modelling step was used to predict the consumption-day amount of the food from the data provided in the 24 h recalls and the same covariates as used in the logistic regression model. The covariates for both models were age, sex, race-ethnicity, attained educational level and frequency of beef consumption from the FFQ. Each subject's linear predictors were estimated for both models, and a final estimate of usual beef intake was obtained by evaluating a ratio of integrals integrated over the person-specific effects using adaptive Gaussian quadrature. Consistent with our interest in identifying benefits specifically associated with consuming beef, we also estimated each subject's total pork intake for comparison purposes. Protein. For all macronutrients, many micronutrients and energy, the NHANES provides the total amount consumed by each subject on the day of each 24 h recall. To estimate usual protein and energy intake, we input the values for protein and energy from the separate recalls into the National Cancer Institute macro programmes -skipping the probability part of the model, as everyone consumes some energy-providing food every day, and protein is consumed by everyone either every day or nearly every day. Covariates in the multivariate models were age, sex, race-ethnicity and attained educational level.
Physical activity assessment
One of the MEC-administered questionnaires was concerned with physical activity (32) . To classify subjects in the present investigation according to their physical activity status, we used their responses to three questions relating to the previous 30 d. For vigorous aerobic activity, the subjects were asked whether they had performed any vigorous activities for at least 10 min that caused heavy sweating or large increases in breathing or heart rate. Examples offered to the subjects were running, lap swimming, aerobics classes and fast bicycling. For moderate aerobic activity, the subjects were asked whether they had performed any moderate activities for at least 10 min that caused only light sweating or a slight to moderate increase in breathing or heart rate. Examples offered to the subjects were brisk walking, bicycling for pleasure, golf and dancing. For muscle-strengthening activities, the subjects were asked whether they had performed any physical activities specifically designed to strengthen their muscles. Examples offered to the subjects were weight lifting, push-ups and sit-ups. For each type of physical activity, we used a two-level term in the multivariate statistical modelling -coding the subjects '1' for an affirmative response to the question and '2' for a negative response.
Statistical methods
All statistical analyses were carried out using SUDAAN release 10.0.1 (Research Triangle Institute) with appropriate sampling weights, pseudo primary sampling units and stratification variables from the data set to account for the survey's complex sampling design (25) . We assessed statistical significance at P,0·05 using two-sided tests. Using means (95 % CI) and proportions, we first described the study population according to various subject characteristics.
The main data analyses in the present study involved determining how physical activity status and usual intakes of beef and total protein were related to the appendicular skeletal muscle mass index. To investigate the possible synergy between physical activity and the dietary factors, we tested the interactions between physical activity status and the dietary factors in relation to the appendicular skeletal muscle mass index.
Physical activity and usual intakes of beef and total protein in relation to the appendicular skeletal muscle mass index. To relate physical activity type and the dietary factors to the appendicular skeletal muscle mass index, we used a multiple linear regression model with our estimate of the appendicular skeletal muscle mass index as the continuous outcome variable and terms for the following characteristics as predictors: age (continuous), sex, race-ethnicity, current smoking status (yes/no), obesity status (BMI .30 v. #30), vigorous aerobic activity (yes/no), moderate aerobic activity (yes/no), musclestrengthening exercises (yes/no) and usual beef intake (continuous) or usual total protein intake (continuous). We performed the analysis relating protein intake to the appendicular skeletal muscle mass index, with the usual intakes estimated using the National Cancer Institute method, and also after adjusting those estimates for energy intake by the residuals method (33) . To graphically illustrate the dose -response relationship between usual dietary intakes and the appendicular skeletal muscle mass index in subjects stratified by physical activity status, we obtained and plotted predicted values of the index for usual weekly beef intakes and usual daily protein intakes that corresponded to the medians of six equal-sized groups. Because of differences between obese and nonobese subjects in the appendicular skeletal muscle mass index and some significant differences in the trends in the index with increasing dietary intakes, the graphs are presented separately for obese and non-obese subjects.
We also considered how meeting or exceeding (v. not meeting) the present RDA for protein of 0·8 g/kg per d was related to the appendicular skeletal muscle mass index. For this analysis, we substituted a three-level term for the estimate of usual protein intake in the multivariate model. The three categories comprised subjects with intakes per kg , 0·8 (not meeting the RDA, n 468), from 0·8 to 1·0 g (meeting the RDA, n 806) and . 1·0 g (exceeding the RDA, n 1,151).
Results
Subject characteristics
The mean age of the subjects was 63 years ( Table 1 ). The distribution of the subjects according to sex and race-ethnicity reflected the survey's goal of representing the non-institutionalised, civilian US population. A total of 15 % of the subjects smoked cigarettes and over one-quarter of them were obese. A total of 67 % reported engaging in some form of physical activity. Moderate aerobic activity was reported by 58 % of the subjects, and about half that many said they had engaged in vigorous aerobic activity or muscle-strengthening exercises. The subjects consumed about 260 g/week of beef, on average, which reflected 318 g/week for men and 210 g/week for women. The corresponding annual averages of 16 kg/year for men and 11 kg/year for women are much lower than the 30 and 20 kg/year estimated for senior men and women, respectively, by the United States Department of Agriculture based on Continuing Survey of Food Intakes by Individuals data collected in the late 1990s (34) . In all, 9 % of the non-obese subjects failed to meet the present RDA for protein of 0·8 g/kg per d, and 61 % had intakes . 1·0 g/kg per d. The corresponding percentages for obese subjects were 53 and 9 %. After multivariate adjustment for age, sex and race-ethnicity, mean estimated appendicular skeletal muscle mass was 19·1 kg for the non-obese men and 15·4 kg for the non-obese women. Estimated appendicular skeletal muscle mass was much higher for obese men and women (P,0·001) -28·6 and 24·4 kg, respectively. Beef intakes were significantly correlated with total protein intakes (r 0·19, P, 0·0001).
Subject characteristics and the appendicular skeletal muscle mass index
Higher age, female sex, Mexican American race-ethnicity and smoking were related to a lower appendicular skeletal muscle mass index, while non-Hispanic black race-ethnicity, obesity and usual intakes of beef and total protein were positively related to this outcome (Table 2 ). Neither moderate aerobic activity nor muscle-strengthening activity was related to the appendicular skeletal muscle mass index. However, consideration of possible interactions between usual intakes of beef and total protein and muscle-strengthening exercises suggested that the association between performing this type of physical activity and the appendicular skeletal muscle mass index varied with usual intakes of beef (P interaction ¼ 0·028) and total protein (P interaction ¼ 0·047). A positive association between vigorous aerobic activity and the appendicular skeletal muscle mass index was restricted to the non-obese subjects. However, consideration of possible interactions between usual intakes of beef and total protein and this type of physical activity suggested that the association in obese subjects between performing vigorous aerobic activities and the appendicular skeletal muscle mass index varied with usual intakes of beef (P interaction ¼ 0·023) and total protein (P interaction ¼ 0·018).
Interaction between physical activity and usual intakes of beef and total protein in relation to the appendicular skeletal muscle mass index
Results for subjects who performed moderate aerobic activities but no vigorous aerobic activities or muscle-strengthening exercises were nearly identical to the results for subjects who did not perform any of the three types of activities. We therefore combined the two groups into a single referent category. Results for pork intake were very similar to results for beef intake and are not shown. Non-obese subjects. Among the non-obese subjects, engaging in vigorous aerobic activity was associated with a high appendicular skeletal muscle mass index, regardless of total protein intake ( Fig. 1(a) ), but the mean appendicular skeletal muscle mass index of these subjects was modestly, but significantly, increased in association with higher usual beef intakes (Fig. 1(b) ). However, dietary intake of protein or beef appeared to be more important to non-obese subjects who performed muscle-strengthening exercises, in that the mean appendicular skeletal muscle mass index for those subjects only approached that of subjects who performed vigorous aerobic activities when muscle-strengthening was combined with a diet high in total protein or beef. Relationships between intakes of both beef and total protein and the appendicular skeletal muscle mass index in nonobese subjects who performed muscle-strengthening exercises remained strong and significant when terms for both dietary factors were included in the same model (protein, 10 g/d increase, b ¼ 0·12, P¼0·012; beef, 100 g/ week increase, b ¼ 0·12, P¼0·015).
Among non-obese subjects who performed neither vigorous aerobic activities, nor muscle-strengthening exercises, a small but significant advantage to the appendicular skeletal muscle mass was associated with higher total protein intakes. However, in comparison to the physically active subjects, the physically inactive subjects had low appendicular skeletal muscle mass, regardless of their protein intakes. Obese subjects. Associations between total protein intake and the appendicular skeletal muscle mass index were stronger in physically active obese subjects than they were in physically active non-obese subjects (vigorous aerobic activity, P interaction ¼ 0·07; muscle-strengthening exercise, P interaction ¼ 0·049). Most importantly, among obese subjects who consumed , 70 g/d of protein, those who performed muscle-strengthening exercises had a significantly lower mean appendicular skeletal muscle mass index than physically inactive subjects (b ¼ 20·48, P¼0·013; Fig. 2(a) ). Although no such disadvantage was associated with vigorous aerobic activity at any protein-intake level, no advantage was associated with performing vigorous aerobic activities unless the activity was combined with a high-protein diet.
Beef intake was positively associated with the appendicular skeletal muscle mass index only in those obese subjects who performed vigorous aerobic activities (Fig. 2(b) ). When terms for usual beef intake and total protein intake were included in the same model, the b-coefficients relating a 10 g/d increment in protein intake and a 100 g/week increment in usual beef intake to the appendicular skeletal muscle mass index changed from 0·17 (P¼0·019) to 0·14 (P¼0·052), and from 0·12 (P¼ 0·183) to 0·16 (P¼0·102), respectively.
Protein recommendations. Results of the analysis investigating the association between degree of adherence to the present RDA for protein and the appendicular skeletal muscle mass index in subjects stratified by obesity and physical activity status mirrored those displayed in Figs. 1(a) and  2(a) shown earlier. Specifically, among non-obese subjects who performed vigorous aerobic activities, the appendicular skeletal muscle mass index was high regardless of whether the RDA was met, not met or exceeded (Fig. 3(a) ). Among the other two subgroups of non-obese subjects, however, those who met the RDA had a significantly higher mean appendicular skeletal muscle mass index than those who did not. However, regardless of physical activity status, no advantage was associated with far exceeding v. meeting or slightly exceeding the RDA.
Among the obese subjects, some advantage was associated with exceeding the RDA for all subgroups, and the only subgroup in which just meeting the RDA appeared advantageous comprised subjects who performed muscle-strengthening exercises. It is also important to emphasise that, regardless of obesity status, subjects who performed muscle-strengthening exercises had greater appendicular skeletal muscle mass than physically inactive subjects only if they met or exceeded the RDA for protein.
Discussion
Sarcopenia occurs frequently in old age (35) . That all elderly people do not become sarcopenic suggests that the condition is preventable. Muscle building occurs by increased protein synthesis (36) . Consequently, protein intake should be important to supply amino acids for this process, and studies have borne this out (2) . The present findings are consistent with this idea because we found that higher intakes of beef, a good source of protein, and higher total protein intakes were associated with a higher appendicular skeletal muscle mass index. The present results in this regard echo those of Houston et al. (16) , who reported less loss of appendicular skeletal muscle by 2066 community-dwelling seniors over 3 years of follow-up in association with higher intakes of total and animal protein. The association between protein intake and the appendicular skeletal muscle mass and its preservation over time may translate to functional benefits, because Beasley et al. (17) recently found that higher protein intakes were associated with a reduced incidence of frailty over time among . 24 000 participants aged 65 -79 years in the Women's Health Initiative. Both longitudinal studies found that significant benefits accrued only to study participants who consumed more than the present RDA for protein of 0·8 g/kg per d. The present results for obese subjects were consistent with this finding. However, exceeding the RDA was not associated with additional benefits to skeletal muscle mass among non-obese subjects beyond those associated with just meeting the RDA. Results of many previous studies supported the view that muscle protein synthesis is responsive to strength or resistance training in young and old alike (2) . Furthermore, Peterson et al. (37) recently concluded from a systematic review and meta-analysis of forty-nine studies that resistance exercise is effective for eliciting gains in lean body mass among ageing adults. The present study did not suggest overall benefits to skeletal muscle mass of performing muscle-strengthening activities. However, further analyses suggested that the lack of an overall association resulted from summarising results over all the levels of protein intake. Specifically, benefits to skeletal muscle mass of performing muscle-strengthening exercises applied only to those subjects with high-protein intakes. In fact, obese subjects who combined musclestrengthening exercises with low-protein intakes, or intakes below the RDA, had a lower mean appendicular skeletal muscle mass index than physically inactive obese subjects. These findings, although specific to the obese NHANES participants, are relevant to the controversy over whether physically active people have an increased requirement for protein (38, 39) , and may be consistent with Campbell et al.'s (21) observation of a loss of whole-body fat-free mass and muscle mass in men who consumed the RDA for protein during a 12 week period of resistance training.
Results of intervention studies have been mixed concerning the role of protein quality in preserving muscle mass during resistance training (20, 21, 40) . The present findings were also mixed on this point. Specifically, higher usual beef intakes were positively related to the appendicular skeletal muscle mass index among the non-obese subjects who performed muscle-strengthening exercises, but not among the obese subjects who performed such activities.
Perhaps due to the prominent role that strength training plays in body building, few studies have attempted to evaluate the benefits of aerobic activity. However, the hypothesis that it might build or preserve skeletal muscle has been raised (41) . A small study that compared male running-club members to comparably aged sedentary men found that, even among those aged $60 years, limb muscle mass was higher in the runners than in their sedentary counterparts (42) . The NHANES data on the specific aerobic activities performed revealed that few of the subjects who performed vigorous aerobic activities were runners. Nevertheless, we found that performing vigorous aerobic activities was positively associated with the appendicular skeletal muscle mass index in all subjects combined, in the non-obese subjects and in the obese subjects with high-protein or beef intakes. Thus, the present results may suggest that lower-impact aerobic activities such as fast bicycling and lap swimming are of value in preserving skeletal muscle as people age.
Although total protein intake appeared to be irrelevant to the benefits associated with performing vigorous aerobic activities among the non-obese subjects, results for both obese and non-obese subjects generated the hypothesis that high-quality protein foods like beef might enhance the benefits of that type of activity. An increased need for high-quality protein among older people who engage in vigorous aerobic activities could derive from the oxidation of amino acids, which results from such activities (12) , and the particular importance of essential amino acids to muscle anabolism in the elderly (13) . We had no prior hypotheses regarding differences between obese and non-obese people. Therefore, the present findings for the obese subgroup warrant cautious interpretation. On the other hand, the present results should inspire future research into possible interactions between diet and physical activity in this large segment of the population. A regimen of muscle-strengthening exercises might seem like an appropriate prescription for combatting sarcopenic obesity (43) . However, the present study raises the possibility that such a regimen might do more harm than good unless the RDA for protein is at least met. The present study also showed that meeting the RDA was rare for obese people and highlighted possible benefits of exceeding the RDA to them.
We have no immediate explanation for the variation in the present findings with obesity status. However, the differences we found should inform the controversy over the adequacy of the present RDA for protein, both with and without physical activity. Obesity status may be just one characteristic upon which the question of adequacy depends.
Among the major strengths of the present study was the effort invested by the NHANES in collecting the data needed to estimate usual long-term intakes of episodically consumed foods like beef. Furthermore, the oversampling of the elderly allowed for precise estimation of the strength of associations and provided the statistical power to detect them. Study limitations included the cross-sectional design and the restricted availability of the DXA measures upon which estimates of the appendicular skeletal muscle mass were based. Although the physical activity assessment by self-report was also a weakness, we were able to identify subgroups that appeared to be relatively more protected from a tendency towards sarcopenia than the rest of the sample. Furthermore, the use of a general-population sample and the observational study design allowed us to consider the effects of the kinds of physical activity that older people voluntarily participate in and can sustain. As a result, we were able to elucidate benefits of a type of activity that people begin early in life and continue, or adopt late in life for expected benefits other than sarcopenia prevention. Baumgartner et al. (19) previously demonstrated strong correlations between physical activity and muscle mass among 301 elderly volunteers in New Mexico. That study was unable to attribute the effect to any particular type of exercise. However, as none of the subjects were engaged in formal exercise programmes, the activities performed by those with high physical activity scores likely resembled the vigorous aerobic activities reported by the present study subjects. These findings thus seem to conflict with Evans's (12) conclusion from a comprehensive review that, 'While both aerobic and strength conditioning are highly recommended, only strength training can stop or reverse sarcopenia'.
Besides confirming or refuting the present findings, future studies should focus on identifying the specific types and amounts of physical activity that can build or preserve skeletal muscle in the elderly. They should also seek to clarify the types and amounts of protein needed under varying conditions in middle and later life. As cross-sectional studies cannot prove cause-and-effect relationships, specific recommendations should be based on results of diet-exercise intervention studies.
Conclusion
The findings from the present cross-sectional, populationbased study generate the hypothesis that engaging in vigorous aerobic activity can help to preserve skeletal muscle during ageing -particularly if accompanied by a diet rich in highquality protein. The present results also corroborate the idea that muscle-strengthening exercise is associated with benefits to muscle mass if supported by adequate dietary protein.
Finally, protein intakes that exceeded the present RDA were associated with benefits to obese subjects only. present publication are those of the authors and do not necessarily reflect the view of the United States Department of Agriculture.
